Conventional MRI instruments transmit received MRI signals through electrical cables. Although this design has proved to be effective over the years, we report a fiber-optic system that addresses the needs of recent developments in MRI technology. One of these technologies is phased array coils with a high number of elements, where total size of interconnections is a primary problem, and other problem is internal MRI coils, where there is a need for improvements in safety. The Miniature FiberOptic Transmission (FOT) System was developed to address these issues. The system consists of a receiver coil with active detuning, a low-noise preamplifier, and a laser diode connected to a photodetector with fiber-optic cabling. The overall noise figure of the system is lower than 1 dB. Total power consumption is 50 mW, and the device is switchable with another fiberoptic line, which can also control active detuning. A prototype device was tested in a GE 1.5 Tesla MRI scanner, and several images were acquired with a signal to noise ratio similar to coaxial cabling. We believe that this design will reduce the cabling problems of arrays and enable placement of internal coils into body cavities with no safety hazard to the patient, such as electrical shock or burns. Magn Reson Med 59: 165-173, 2008.
The primary motivation for this work was to construct an optical system capable of transmitting MRI signals with the highest possible signal-to-noise ratio (SNR). Such a device would make placement of a miniaturized internal (endoluminal) MRI coil possible with no safety risk to the patient. Another potential application for such a smallsized fiber-optic transmission system is the minimization of cabling problems in phased array coils with a high number of elements.
Internal MRI coils have been developed for many years. There are different sizes for several applications: intravascular (1, 2) , transesophageal (3), endourethral (4) , and endorectal coils (5, 6) . The main reason for the interest in these devices is their ability to probe into the body further than external coils, yielding better SNR in the regions of interest.
Patient safety in MRI is defined by international standards and is of the utmost importance. Although interventional prototypes have been available for some time, the potential risks they pose to the patient have limited their widespread use and prevented their clinical use. Several researchers have worked to better analyze and estimate the actual risk, which primarily originates from radio frequency (RF) heating. RF heating stems from the interactions of the electromagnetic field with the metallic parts of the interventional device. Given the proximity of the interventional device to local tissue, the potential hazards from this kind of heating should not be underestimated. Recently, it has been reported that the tips of the wires are the regions where the highest heating occurs, although the amount of heating is a complex function of orientation and length factors (7) (8) (9) . Theoretical models involving the specific absorption rate (SAR) and the bioheat transfer equation have been used (10) to better estimate the heating process.
Theoretical and experimental work on the heating around coaxial cables shows that the heating can be lowered by limiting the size of coaxial sections and using chokes to interconnect these sections (11) . Although this process does decrease the heating, it has also been shown that the chokes created new resonant fields with concentrated electric fields. Recently, Weiss et al. have proposed using transformers between the coaxial cable sections and have developed a safer coaxial transmission line (12) . However, these safe coaxial cable designs are still being investigated for clinical use.
The idea of using fiber optics rather than coaxial cables in MRI is a solution for this RF heating problem. Because the fiber itself forms a nonconductive path, it does not create excessive heat around its tips and does not have resonant sections where fields become concentrated. Thus, with regard to interventional device safety, using fiberoptic cables for connections would be less risky.
In fact, the idea of using fiber optics has already been proposed as a safer alternative in a different context: MRguided interventional operations. During MR-guided interventional operations, tracking and localization of catheters and devices is crucial for success, for which passive and active methods are used. Briefly, passive methods use the artifacts generated from the interventional device, but have the disadvantages of relatively low spatial resolution and reduced speed compared with active methods (13) . On the other hand, active methods involve tuned RF coils and, thus, require dedicated detuning mechanisms, usually in the form of leads and cables, which suffer from the RF heating problem. One solution that combines the benefits of active tracking with the safety of passive methods is a wireless detuning system by Wong et al. (14) . Their work suggested using a fiber pigtailed photoresistor to lower the Q of the system and detune the coil when necessary, thus eliminating the need for electrical connections.
In addition to the safety factor, there is another area that may benefit from fiber-optic cabling, and that is parallel imaging. Similar to the rapid growth of interventional methods in MRI, multiple channel imaging has been another rapidly developing area. Recently, several researchers presented papers describing a 32-channel head coil (15), a 48-channel body/spine coil (16) , and even a 96-channel MRI system (17) , which indicate the advent of prospective MRI systems with more than 32 channels, which are now commercially available.
The fusion of fiber-optic technologies with these new, extreme multiple number of channels could result in a more reliable MRI scanner. Using fibers can eliminate some of the drawbacks of the current systems, such as the size of the bundle of coaxial cables or the safety issues with this bundle. A recent proposal featured an optical interconnect for multiple channel MRI systems (18) , which is similar to what we proposed at ESMRMB'03 (19) and have been developing since that time. Although the main idea in these papers is the same, the technologies used by the investigators are different. Koste et al. used a fiber-optic modulator, whereas we have chosen a lownoise laser diode instead to couple the MRI signals to a laser. Both technologies offer the benefits of fibers: First, they do not contain coaxial cables; therefore, the risk of electrical shock or RF burns is nonexistent. Second, they are immune to the electrical interference that coaxial cables experience, that is, the noise contributed by nearby electronics (mainly from switching). Fiber-optic cables are also free of any unbalanced currents or potential common ground problems. Last but not least, the use of fibers in a 96-channel MRI system will yield significant size reductions in the interconnect region between the scanner hardware and the controller/receiver hardware.
MATERIALS AND METHODS
Naturally, the use of fiber-optic technologies in MRI would require the addition of new steps and circuitry to the basic operation scheme. However, care must be taken while designing such circuitry, as MRI compatibility is an extremely important issue.
There were some points we considered throughout the design stage. Although some limitations are inherent to the magnetic resonance technology itself, there are other limitations associated with currently available commercial products and safety.
First, the main and most important limitation is the prohibition of some materials in MRI. Ferromagnetic materials, which have a large and positive susceptibility to an external magnetic field (20) , exhibit a strong attraction to magnetic fields. Because MRI heavily depends on the fundamental properties of nuclear spin under a strong magnetic field, ferromagnetic materials in MRI pose serious hazards to the patient, operator, and scanner, primarily due to the strong force ferromagnetic materials undergo in the superconductive magnet. In addition to the force experienced, highly magnetic materials also create additional problems: the disturbance of the magnetic field inside the MRI magnet, which leads to artifacts and image quality degradation, and the functional failure of the components, which are sensitive to external magnetic fields such as inductors and optical isolators.
Second, the noise factor and SNR are other limitations in MRI. The MRI signals, when received by the detection coil, are weak in nature. Therefore, it is essential that the noise contribution while transporting and processing the signals is kept to a minimum level, and ultra-low-noise preamplifiers (ULNAs) with sufficient gain should be placed close to the coil.
Third, although not a strict requirement, small size is a great advantage, in terms of patient comfort in interventional imaging, and less volume and size for the receiver array in parallel imaging.
Fourth, a constraint similar to size is power. The design should consume the least power possible, to conserve battery capacity, reduce heating, and reduce the total power consumption in the parallel imaging array.
The fiber-optic prototype was designed based on these requirements and recommendations. It consists of the following sections, each of which is either modified or completely new compared with the current designs (see Fig. 1 ): coil, together with matching and detuning circuitry; transmitter: preamplifiers, laser diode, and matching circuitry, power and control circuitry; and receiver and external control circuitry.
The Coil
The coil is the starting point where electromagnetic echoes of the RF excitation pulse are received and are converted to low-power electrical MRI signals. The nature of these signals is narrowband in the very high frequency (VHF) band (30 -300 MHz). This eliminates any need for broadband designs, and allows the use of simple L-match techniques.
In our design and experiments, a home-made endorectal coil was used, together with appropriate matching and The coil with detuning circuitry, ultra-low-noise preamplifier and laser diode with appropriate matching connected to the receiver. The power is supplied by a battery through the power and control circuitry.
passive or active detuning circuits, depending on the experiment.
The endorectal coil was designed as a cylindrical substrate stabilized on a rectangular base. The cylinder had a diameter of 23 mm, a length of 143 mm, and was made of white plastic. The base, which held the matching and detuning circuitry with the connector, was 98 mm (L) ϫ 30 mm (W) ϫ 5 mm (D).
The coil consisted of a solid copper wire of 1 mm diameter, which was placed on the surface of the cylindrical plastic, with parallel sides of 136 mm in the longitudinal direction of the cylinder, and perpendicular sides passing through the entire diameter (23 mm) in the axial direction. The entire cylinder-including the coil-was then covered with a heat-shrink tube to ensure safety and isolation from the environment.
The coil was tuned for operation at 63.85 MHz using nonmagnetic chip capacitors by series-shunt configuration. The exact values of these capacitors are determined experimentally by a vector network analyzer (HP/Agilent 3753D). In addition to the matching circuit, there is a second element that is responsible for detuning. Among the two possible detuning schemes, active detuning was preferred over passive detuning, whenever possible. Active detuning was implemented using a transmission line to transform the low-impedance of active PIN diodes to the resonant inductance value (21) . A wire, 23 mm in length, was placed between the shunt capacitors and the PIN diode(s), which acted as a transmission line. Note that, as the coil was matched to 50 ⍀ with the capacitors, the transmission line did not alter the impedance value seen by the preamplifiers.
The coil was designed to work as an active or passive detuning device, just by adding or removing a single PIN diode. This was required for comparison purposes: in conventional operation (coaxial cables), the system used active detuning, whereas the fiber-optic system experimented with the passive or active methods. Thus, the resulting images obtained from the MRI receiver were comparable.
When the coil was used with the optical transmission system and active detuning, an additional piece was placed between the coil and transmitter: This piece was responsible for injecting current to the coil (for detuning) and consisted of a phototransistor (by Industrial Fiber Optics Inc., Tempe, AZ) connected between a power supply and the signal path.
A final point regards the use of balanced-to-unbalanced converters (baluns). Although these converters must be used to prevent unbalanced currents in conventional coil designs, fiber-optic cables, which are nonconductive in nature, do not suffer from unbalanced current problems. Thus, baluns are not required for fiber-optic designs.
Transmitter
After the weak echoes are captured by the coil, the signals require some basic processing before they can be converted into optical signals. The portion of the prototype responsible for preprocessing and optical conversion is the transmitter; and it consists of preamplifiers, followed by the laser diode with corresponding bias and matching circuitry.
Preamplifier
The MRI signals at the receiving coil are extremely low power and will have been already affected by the noise contribution from the resistive coil before arriving at the preamplifier. The primary reason to use preamplifiers before any optical conversion is to preserve the SNR at the output of the coil as much as possible. To this end, ULNA must be used in the initial stages to boost the signal, preserving SNR in the later stages of device deployment. A measure of SNR degradation, the noise figure, is defined as:
An ULNA incorporates a noise figure lower than 1 dB, which means that the output SNR should be at least 0.8 times the input SNR. In our design, we used Infineon BFP420, which is a high f T transistor with very low noise properties, has well-documented parameters and wide commercial availability. BFP420 was biased properly, and it was loaded such that it experiences a predefined reflection with lowest noise (22) .
Although transistors with high f T provide a rather high gain for the VHF band, their maximum stable gain is usually lower to prevent oscillations. Thus, resistive loading was used for interstage stability.
For the DC biasing and RF coupling of transistors, inductors and capacitors were used frequently. Inductors, acting as RF chokes (RFCs), were selected as the highest nonmagnetic value available, 820 nH, and were mostly used as pairs. Similarly, capacitors of 1 nF were chosen for AC coupling purposes and 100 nF for stabilization (prevention of undesired feedback and fluctuations). Additionally, for each decoupling capacitor of 100 nF, an additional 1 nF was placed in parallel. This configuration increases the decoupling efficiency, especially at high frequencies.
Laser Diode Circuitry
The laser diode circuitry is the component responsible for the conversion of MR signals from the electrical to the optical state. The circuitry is placed just after the preamplifiers in the RF signal path of the fiber-optic MRI probe.
The reason this circuit is preceded by preamplifiers is purely noise performance. The electrical-optical-electrical (E-O-E) conversion process, part of which is the laser diode circuitry, is inherently associated with a loss in the transmitted power. When combined with the higher noise levels introduced in this section (i.e., intensity and shot noise), this attenuation can lead to disastrous results: massive SNR degradation or even the disappearance of signal beneath the noise. Adding preamplifiers prevents this problem, provided that the gain is sufficient enough to move the signal away from the noise floor even after attenuation.
The laser diode circuitry consists of an L-match section, a bias-tee, and the laser diode itself (see Fig. 2 ). The Lmatch is responsible for the matching of the low impedance laser diode to the high impedance output of the preamplifier. The bias-tee combines the RF signal with the appropriate DC current injection required to bias the laser. Finally, the laser diode is at the core of the electrical-tooptical conversion process, also holding the micro-lens to couple the generated optical energy to the fiber.
The laser was custom-made by Applied Optoelectronics Inc. and housed in a coaxial package (C5). It was a multiquantum-well distributed feedback laser designed for analog modulation in cable TV return path applications and was fitted with an SC connector with angular physical contact (APC) polish.
The central wavelength of the laser is 1.55 m, with an optical power of 2 mW at an operating current of 30 mA. The threshold current is 12-13 mA, depending on the particular sample, and the responsivity is around 0.12-0.13 W/A. A measure of its noise characteristics, the relative intensity noise (RIN), range from Ϫ153 dB/Hz to Ϫ155 dB/Hz, both of which are very low values. RIN is the measure of noise that arises from optical effects in the laser diode (23), defined as:
where ͗P opt 2 ͘ is the mean square optical intensity fluctuation in a 1 Hz bandwidth at a specified frequency, and P opt is the average optical power.
In low-noise lasers, reflections must be avoided as much as possible, as they increase the noise level. One way to reduce reflections is to use an APC connector with angled reflections. Another common way is to use optical isolators that are not MRI compatible because that rely on the Faraday effect to work, which is magnetic field-dependent (24) .
Although the laser was custom-built based on our specifications, modification of the lasers was eventually required. Removal of the optical isolator and realignment of the fiber were done in our optic labs using an XY-translation stage (New Focus, San Jose, CA), a Z-translation stage (NewPort, Irvine, CA), a rotational stage (NewPort), and dual-fiber alignment stages (NewPort). The power measurement during realignment was achieved using a handheld power meter from New Focus. A metal epoxy was used for the fixation of fiber and diode modules.
Power and Control Circuitry
The power and control circuitry is responsible for supplying power to the rest of the transmitter and switching it when necessary. This section is designed so as not to contain any RF power and is not a part of the signal path.
This circuit includes another fiber-optic line (control fiber) connected to a photodetector diode (PD). A photodetector diode is a device that acts similar to an optically controlled current source.
The photodiode is connected to a PNP transistor in a Darlington configuration (see Fig. 3 ). When an external source activates the photodiode, it acts as a current source and conducts a known amount of current, which generates a voltage greater than the base-emitter on the voltage (V BE(on) ) of the PNP transistor. Dictated by Kirchhoff's laws, the current flowing through the resistance R switch ϭ 100 k⍀ is only part of the current conducted by the diode, the rest of which becomes the base current of the transistor. This base current is adjusted to be sufficient enough to put the transistor into saturation, providing ϳ2.9 V to the rest of the device, including the amplifiers and the laser diode.
The photodiode was manufactured by Industrial Fiber Optics Inc. (Tempe, AZ) and is a high-speed, low-cost photodetector in a plastic housing. It is sensitive to a wavelength range from 400 nm to 1100 nm, with a peak responsivity of 0.4 A/W around 880 nm. It is connected to a light emitting diode (LED) operating at 870 nm and 
FIG. 2. Schematics of the laser diode and relevant circuitry:
The power matching circuit is followed by a bias-tee in the middle of which is the laser diode.
matching the peak responsivity. The connection is through a 1000 m multimode fiber.
The PNP transistor in the Darlington configuration was a Fairchild MMBT5087CT. This transistor is a general-purpose amplifier with a minimum DC gain (h FE ) of 250. Its high gain and low collector-emitter saturation voltage (V CE(sat) : maximum 0.3 V, measured 0.1 V) made it an excellent transistor for switching the transmitter on and off.
Complete Schematics of the Transmitter
Although each component of this method was defined, there was more than one way to combine these components. Thus, there were two different schematics for the transmitter: high-current and low-current designs; and, as in all designs, there was a tradeoff.
The reason low current was preferable to the high current was primarily in how the power would be supplied. Battery-supplied power has always had limits that were not explicitly stated in the datasheet, one of which is the internal resistance. The internal resistance of a cell is the physical limit on the maximum current it can supply. Therefore, even though a battery is rated 25 mAh, it might not produce 20 mA at all. This was a very solid reason to design circuitries to work with low-current and high-voltage ratings.
The problems with using high-voltage/low-current designs were the increased risk of oscillations due to the extra feedback and the increased switching time. Highvoltage designs usually fed the biasing current through more than one active device on the signal path, that is, a transistor, and a laser diode. Moreover, these designs used RFC to route the RF signal correctly. However, RFC are not perfect, and pass a very small part of the RF power, which would result in feedback that may result in oscillations in such a high-gain system. RFC are also inductor-based components: Combining the slowness of RFC with the electron-hole pair generation and recombination processes in semiconductors, the switching time of the transmitter dramatically increased. Considering the tradeoff between the two different design approaches, we decided to proceed with the low-current design that had the higher voltage rating (3 V) required (see Fig. 4 ).
Receiver and External Control Circuitry
The receiver and external control circuitry are the components connected to the MRI scanner. This forms a rather small section with simple circuits with their own power 
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supply. The optical fiber constitutes the receiver's only connection to the transmitter and coil.
Receiver
The MRI signals, after being coupled to the optical beam in the fiber, are then transmitted to the receiver. The main responsibility of the receiver is to convert optical signals back to electricity, and it uses a special photodetector.
An analysis of the laser beam that falls on the PD reveals that the envelope of the beam consists of two components, the one generated by MRI signals and the one generated by the DC biasing current of the laser diode. The current that the photodetector generates is actually the sum of these components converted. As the demodulation of the optical carrier is performed internally by the photodetector, the only circuitry needed is a bias-tee to separate these two components (see Fig. 5 ).
The photodetector used in this component was a highspeed diode by JDS Uniphase (West Tranton, NJ). This photodiode is a 100-m diameter InGaAs photodetector in a plastic housing with an SC receptacle. It has a peak responsivity (minimum ⌫ PD ϭ 0.7A/W, measured ⌫ PD ϭ 0.8 A/W) at 1550 nm, matching the wavelength of the laser. The photodetector has a 2 GHz bandwidth.
Together with the laser, the E-O-E conversion system showed an attenuation of 19.6 dB.
External Control Circuitry
The external control circuitry is the complement of the power and control circuitry of the transmitter. The first component consists of a fiber pigtailed LED (100 Mbps IR LED; Industrial Fiber Optics, Inc.) and corresponding biasing resistors. The LED was selected to mate perfectly with the 1000-m fiber.
The second component uses the same LED on the signal path. This strategy accomplishes two goals: It allows the coil to be recognized by the scanner with its diode characteristics, and it signals the time interval during which the coil should be turned off. During testing, it was noted that the combination of this LED and the phototransistor in the coil would yield a current gain of approximately 1, transferring the injected current (ϳ10 -20 mA) from the scanner to the coil optically.
Noise Calculations
Because the most important aspect of this design is to preserve the SNR as much as possible, the different types of noise encountered should be identified and the noise power should be estimated. The three different kinds of noise to be accounted for and dealt with are thermal noise, shot noise, and laser intensity noise. Thermal noise is created by ohmic resistances, shot noise is created by the quantum nature of current carriers (electrons), and laser intensity noise is created by the laser diode of the transmitter.
Knowing the sources of noise, together with the components of the prototype and their corresponding parameters, noise calculations of the overall design could be performed. First, the noise power per Hertz had to be calculated, where I LD is the DC bias current of the laser diode, I PD is the DC current on the photodetector, and R L is the load resistance (50 ⍀). Using these powers, the noise level of the preamplifier was designed to be:
The gain of each section, assuming perfect match among components,
was also important in the calculation of the overall noise figure.
It is important to note that the noise of the first preamp dominates the noise level of the overall system. The formula for the final noise factor of cascaded stages is:
and F total is primarily affected by F 1 , given that the first stage amplification (A 1 ) is large enough. Combining the calculated values, we obtained NF total ϭ 0.92dB, was lower than the targeted limit of 1 dB.
RESULTS
The experimental results we have obtained can be divided into two categories: offline measurements and online measurements. Offline measurements correspond to the experiments using laboratory equipment away from the MRI scanner, whereas online measurements refer to the data acquired in the MRI chamber. Note that, because only the high-voltage/low-current design was built into a prototype, all measurements and experimental results were gathered by this 3 V design.
Offline Measurements
One important measurement was the insertion gain, S21, which tested the signal path, including the amplifiers and E-O-E conversion. The instrument used for measurement was an HP/Agilent 8753D Vector Network Analyzer. In addition, before any data acquisition took place, full twoport calibration had been performed for accuracy in the frequency range of 63 MHz to 65 MHz. The power range was adjusted to Ϫ65 to Ϫ50 dBm, with an active port power of Ϫ60 dBm. This port power was an optimal value, because since higher levels saturated the device and lower levels increased the uncertainty (noise) in the measurement. The resulting transmission data were viewed on a rectangular plot of S21 (dB) versus frequency. This measurement showed an overall gain of 33 dB, suggesting an amplifier gain of 52.6 dB.
To measure the noise figure, an HP/Agilent 8970 Noise Figure Meter with an HP/Agilent 346B Noise Source was used. Using a noise figure meter, the noise figure was recorded as 0.88 dB, NF ϭ 0.88 dB, with the amplifier connected to the original laser. Later, when the laser was modified and corresponding noise levels increased, new measurements were required. They yielded similar results, indicating the gain in the preamplifiers was sufficient to boost the signals away from the higher noise levels, NF ϭ 0.91 dB.
Because the transmission system was composed of a nonlinear E-O-E conversion circuitry, the linear range of the device was evaluated. An Agilent Spectrum Analyzer was used to perform third-order intercept (IP3) measurements. The overall system showed an output IP3 of Ϫ12.5 dBm, which corresponds to an input IP3 of IIP3 ϭ Ϫ45 dBm. Combining the noise floor and IIP3, one can calculate spurious free dynamic range (SFDR), which is defined as two-thirds the difference between input thirdorder intercept and noise floor (25) . The noise floor is the noise power per Hertz on a 50 ⍀ resistor, and it is 4*; k B *T ϩ NF ϭ Ϫ168 dBm/Hz ϩ 1 dB. Corresponding SFDR in 1 Hz bandwidth is 2/3*(IIP3 Ϫ Noise floor) ϭ 81.3 dB. For a 500 Hz bandwidth, the SFDR is 63.3 dB.
Online Measurements
Online experiments were performed in the MRI chamber using actual medical equipment. The MR device used throughout the experiments was a 1.5 Tesla device, manufactured by General Electric. In each experiment, there were at least two different measurements: one with the coil connected to a coaxial cable using active detuning, and the other with the fiber-optic system using passive detuning (Fig. 6) .
One point that should be noted is that, whenever the fiber-optic system was used for interconnection, an attenu- ator had been placed between the receiver and internal amplifier of the MR scanner. This was a precaution to avoid saturation or harm to the sensitive preamplifier of the MRI instrument.
The imaging parameters were set to the following values: matrix ϭ 256 ϫ 256, TR ϭ 10,000 ms, TE ϭ 15.4 ms, field-of-view (FOV) ϭ 16 cm ϫ 16 cm, number of slices ϭ 7, and slice thickness ϭ 3.5 mm. A home-made, singleturn, endorectal coil was used (136 mm long, 23 mm wide). Active decoupling was achieved by a PIN diode.
The object to be scanned was a phantom that consisted of a plastic bucket filled with water, 30 cm deep, with the coil inside a cylindrical gap in the middle of the bucket.
In obtaining the images, the procedure was to connect the coil with a coaxial cable and obtain a three-dimensional volumetric image from which the imaging parameters, including FOV and number of slices, were adjusted. Then, an image was acquired using the same setup, after which the coaxial was replaced with the fiber-optic system and active tuning was converted to passive. Later, a series of measurements were performed, during which the level of attenuation was decreased step-by-step to acquire the best image.
From the images, SNR values were calculated by taking the average signal values from the same region and sampling noise from the farther regions. As the pictures suggest, the signal and noise levels are elevated in the FOT system (due to the inherent gain) but the SNRs of the images are at the same level, indicating conservation of the received MRI signals.
DISCUSSION AND CONCLUSIONS
During this project, a fiber-optic MRI probe has been proposed, designed, and developed. The aim of this work was to extend interventional imaging and parallel imaging techniques; both of which have promising futures, but suffer from the limitations of current technologies.
The prototype incorporates a fiber-optic path to connect the coil to an MRI scanner, through which the received MRI signals are transmitted. Moreover, the probe is designed to be an ultra-low-noise system with minimal SNR degradation, which ensures the signals' integrity. Finally, the power consumption is low enough to be operated for several hours with a battery as small as the device.
The device was tested in a 1.5T GE MRI scanner. Several images have been acquired that have SNR values comparable to images obtained by coaxial cables. The images also showed the erroneous components of the device and have led to modifications in the prototype to achieve better images.
The first problem was in the laser itself. The optical isolator inside malfunctioned, resulting in image degradation. It has been reported that optical isolators are magnetic, and thus their use in MRI may result in both functional and physical problems. Functionally, a significant reduction in SNR is very possible; the misalignment of the isolator due to the strong external magnetic field may block the optical path physically. Therefore, the isolator had to be removed, even though this led to increased laser intensity noise.
Another problem that the preliminary images suggest was insufficient passive decoupling. First, passive decoupling alone resulted in a loss of uniformity of the main B 0 field. This effect showed itself as overly bright or dim spots in the images when compared with the ones obtained with coaxial cables. A consequence of this failure was the increased amount of RF power fed to the sensitive preamplifier, worsening its low noise characteristics over time, and eventually burning the preamplifier.
The solution to the collapse of passive detuning was to use active detuning. However, this required a dedicated control mechanism with precise timing. Fortunately, MRI scanners are equipped with this circuitry and this timing can be transmitted optically to the coil by means of an extra fiber. Using active decoupling solved the problems due to passive decoupling, and increased the lifetime of the device considerably.
With regard to the nonlinearity of the transmission system, the system performance was acceptable for the imaging protocol that we have used in performance testing. As dynamic range measurements have indicated, measured SFDR of the fiber-optic transmission system will be enough for some moderate dynamic range (50 dB) sequences; however, it might also be inadequate for very demanding high dynamic range signals, especially 3D sequences might require approximately 100 dB of dynamic range (26, 27) . Compression might arise with high input signals and it might cause image artifacts if they are not corrected (28) . Previous studies have suggested adding circuits to compress the signal before analog/digital conversion (29) with the aim of reducing quantization noise in high signal producing sequences such as three-dimensional sequences. In this technique, the compression is corrected digitally with nonlinear mapping and the required linearity is restored. Alternatively, parallel image acquisition can be used to increase dynamic range (30) . Although we have not implemented it, similar techniques may be adapted to our system and the unwanted nonlinearity of the optical circuit can be prevented or corrected.
There are some possible enhancements to the prototype that could greatly increase the benefits. For parallel imaging, the addition of frequency division multiplexing of different channels is a possible improvement. This may eliminate the need for a dedicated laser and fiber-optic line for each channel, decreasing the size, power consumption, and cost significantly. Although there are possible problems with this configuration, such as the intermodulation caused by nonlinearity, they can be avoided with the optimization of channels per laser and sophisticated design techniques.
The most beneficial improvement for interventional imaging would be a reduction in size. Integrated circuit solutions with embedded laser diodes are possible, which would decrease the size substantially-even to the small size required for intravascular applications. Furthermore, photovoltaic power converters can be used to supply power externally with a laser rather than using a bulky battery, and making the prototype virtually microscopic. Another enhancement would be to lower power consumption. Reduction of power consumption not only means smaller battery sizes, but may also enable the use of smaller power generation devices, such as piezoelectric material that can convert mechanical energy to electricity.
In concert with the development of more sophisticated MRI technologies, it is obvious that more sophisticated MRI scanners and probes will be designed and implemented. Our prototype was designed to address this emerging need, and the proof-of-principle tests have been conducted successfully. Although there are problems that should be solved before commercialization, we believe that this design and prototype is a very strong candidate to address the needs of interventional MRI.
